ABSTRACT: Baltic Sea phytoplankton responses during N 2 -fixing cyanobacterial blooms, dominated by Nodularia spp., Aphanizomenon sp., and Anabaena spp., were studied using nutrient enrichment experiments. Nitrogen fixation, phytoplankton growth, primary productivity, and phytoplankton species' responses were investigated in areas representing open Baltic Sea water and Gulf of Finland water. Responses to additions of N, P, Fe, and the organic chelator EDTA were studied. Phytoplankton biomass and primary productivity were N, P, or N+P-limited. Phosphorus limitation was more prominent at the Gulf of Finland sites, where the dissolved inorganic-nitrogen to phosphorus (DIN:DIP) ratio was >16:1 during the study period. At the open sea sites, with DIN:DIP ratio <16:1, N limitation or N+P co-limitation prevailed. Phosphorus consistently stimulated N 2 fixation, and at times N 2 fixation and total N had a linear relationship with the initial PO 4 3 -concentration added. At other times, the relationship was not clear, suggesting other limitations or controls for N 2 fixation. Occasionally, EDTA increased N 2 fixation, but Fe addition did not show a significant impact on phytoplankton biomass, productivity, or N 2 fixation. The chlorophyte Monoraphidium sp., diatom Nitzschia spp., and small flagellates (7.5 to 10 µm) were among the species that exhibited the fastest growth responses under replenishment of the limiting nutrient. The results suggest that high N availability, in relation to P, in the coastal areas in the Gulf of Finland acts to reduce the relative abundance of N 2 -fixing organisms. Phosphorus inputs into the upper-mixed layer in the open sea during bloom periods stimulate N 2 fixation, and act to maintain the cyanobacterial blooms.
INTRODUCTION
Variability in phytoplankton nutrient requirements and their acquisition mechanisms play a central role in defining phytoplankton community structure (Margalef 1978 , Tilman 1982 . Because of species-specific differences, changes in supply rates of nutrients and their concentrations will lead to modifications in the community structure. Knowledge of species-specific phytoplankton responses to nutrients is therefore useful when predicting phytoplankton community-composition under different nutrient dynamics. Phytoplankton nutrient limitation is linked with nutrient limitations of the whole ecosystem, and information on nutrient limitations both of these scales is valuable when evaluating and predicting anthropogenic influences, including the effects of eutrophication.
Under persistent, low-nutrient concentrations, a phytoplankton community dominated by the species with the lowest resource (nutrient) requirement will develop (Tilman 1982) . If nutrients are suddenly provided, opportunistic species efficient at nutrient uptake under high-nutrient conditions are expected to increase in abundance. If the dominant members in the prevailing community are able to compete for nutrients with the opportunists in this new situation, they may also benefit from such a nutrient pulse. Long-term development of the community is determined both by the ability of different species to compete for nutrients, and the frequency and magnitude of the nutrient inputs. Phytoplankton community shifts during cyanobacterial blooms in the nutrient-depleted surface layer in the Baltic Sea reflect such a situation. By late summer, N 2 -fixing cyanobacteria dominate the community under conditions of depleted inorganic N and P in the surface layer. N 2 -fixing cyanobacteria presumably have a competitive advantage by using N 2 fixation as their N-source, and by relying on stored P reserves for extended periods of time (Healey 1982) . Possible modes of pulsed nutrient inputs to the upper mixed layer in the open Baltic Sea are: vertical transport from beneath the pycnocline induced by, e.g. wind events (Kononen et al. 1996) ; advection from coastal runoff; or atmospheric deposition, especially rain events (Paerl et al. 1999 ). The competitive interactions among different phytoplankton species in Baltic Sea cyanobacterial blooms during these nutrient-replenishment events are not clear.
The prevailing paradigm is that: (1) the open Baltic Sea is N-limited at the end of the summer; (2) this favors N 2 -fixing cyanobacterial blooms; and (3) based on concentrations of P before, during, and after the blooms, the N 2 -fixing cyanobacteria are P-limited. However, few studies have addressed nutrient/resource limitation of N 2 fixation and growth of N 2 fixers in the Baltic Sea in natural conditions (Wallström et al. 1992 , Stal et al. 1999 , Rydin et al. 2002 . Nutrient-enrichment experiments have shown that, depending on season and study area, total phytoplankton growth and productivity in the Baltic Sea can be either N-or P-limited, or 'colimited' by N and P (Granéli et al. 1990 , Kivi et al. 1993 . During late summer, the overall N limitation of phytoplankton growth in the system is manifested as a dominance by N 2 -fixing planktonic cyanobacteria (Nodularia spp., Anabaena spp., and Aphanizomenon sp.). These species are not dependent on combined N in the environment, therefore the density of their blooms in the Baltic may be controlled by availability of the other major algal nutrient, P (Kahru et al. 2000) ; however, Fe limitation is also possible (Stahl et al. 1999) . In lakes, if the molar ratio of inorganic N to P in nutrient loading is reduced to less than 16 (Redfield ratio), the likelihood for dominance by N 2 -fixing cyanobacteria increases (Flett et al. 1980 , Levine & Schindler 1999 . The low ratio of total N to total P (TN:TP) in the water column is another indicator of increased potential for growth of N 2 fixers (Smith 1983) . By importing new N, N 2 fixation may compensate for the overall N limitation in the system, and thus act to maintain the ratio of nutrients (TN:TP) at close to optimal for phytoplankton growth (16:1). If this feedback mechanism works perfectly (with no time-lag and without losses of N), one would expect that in a system in which N 2 fixers are dominating and limited by P only an increase in dissolved inorganic phosphorus (DIP) supply would be directly related to increases in N 2 fixation and total N. In this study we tested the accuracy of this hypothesis in Baltic Sea cyanobacterial blooms.
Variable N:P ratios in dissolved nutrients (DIN:DIP) in the Baltic Sea may lead to regional differences in N 2 -fixer abundances (Niemi 1979) . The easternmost basin in the Baltic Sea, the Gulf of Finland, receives a major proportion of its nutrient load from the Neva River, a large river entering to the Gulf at its easternmost tip. This nutrient load has a DIN:DIP ratio of approximately 3 times the Redfield ratio, suggesting that the Gulf should be P-limited, and N 2 fixation should not occur. However, limitation of primary productivity by both N and P may occur at the end of the summer (Kivi et al. 1993 , Pitkänen & Tamminen 1995 . This may be due to estuarine nutrient retention processes and different nutrient ratios in the adjacent water masses (Baltic Sea deep water and surface water) that can affect the area (Pitkänen & Tamminen 1995) . In general, a counter-clockwise circulation pattern prevails in the Gulf, and can mix water from the Baltic Proper with water from riverine sources. However, because of the strong influence from the Neva River and the complex local-bottom topography, the Gulf of Finland needs to be considered a separate sea area from the Baltic Proper from a hydrodynamic perspective (Omstedt & Axell 2003) .
The overall goal of this study was to determine nutrient limitation for the late-summer phytoplankton in the Baltic Sea in areas experiencing varying nutrient-input sources. The areas studied over 3 summers included sites in the eastern Gulf of Finland and sites at its entrance. The goal was to distinguish nutrient effects on different components of the phytoplankton, especially on the N 2 -fixing cyanobacteria and their N 2 fixation. The study addressed the question of whether N 2 fixation during the Baltic Sea cyanobacterial blooms serves as a feedback mechanism during P-input events, and thereby whether it has control over the TN:TP ratio in the system. Along with the effects on N 2 fixation, the study focused on the short-term effects of nutrient additions on the phytoplankton communitycomposition. Table 1 ). Surface water was sampled using a 30 l water sampler (in 2000), or by pumping surface water directly from ca. 1 m depth (in 2001 and 2002) . The water sampling sites were designated as S_00A, S_00B, S_00C, L_01D, L_01E, S_02F, S_02G, and SL_00H (Fig. 1) . Open sea water (S) and gulf water (L) are distinguished in these station codes, numbers refer to years sampled, and letters A to H correspond to Sites A to H. Designation of open sea water and gulf water was based on geographical location of the sampling sites, and salinities at the sites (Table 1) . Incubations with nutrient additions were carried out in quadruplicate 1 l acid-washed (0.1 M HCl) and deionized (DI)-water-rinsed polyethylene Cubitainer (Hedwin Corp) (85% transparent to photosynthetically active radiation), filled with 900 ml sample water . Mannitol (10 µM), NaNO 3 (10 µM), (concentrations in Cubitainers at the start of the experiment) K 2 HPO 4 (2 µM), FeCl 3 (0.4 µM) or EDTA (0.4 µM), or combinations of these, were added to the Cubitainers. One set of Cubitainers did not receive nutrients and served as a control. These NO 3 -and PO 4 3 -additions represented a >100-fold increase in ambient nutrient levels. Cubitainers were incubated for 3 to 4 d under natural irradiance on the deck of the ship in tubs with constantly circulating surface water, and sampled at 24 h intervals for detection of N 2 fixation rates, chl a, and primary productivity. At the end of the experiments, samples were preserved with Lugol's solution for microscopic analyses. The tubs were covered with screens during strong sunlight to alleviate photoinhibition. An additional set of experiments specifically addressed the effect of P on N 2 fixation and TN. In these experiments, a range of PO 4 3 -concentrations were added to sample water in 4 l Cubitainers, and 3 dlong incubations were carried out as described above. In one of these 'P-experiments' (Site SL_00H), in order to increase the abundance of filamentous cyanobacteria, a concentrated sample, collected using a 100 µm mesh-size net and diluted with surface water, was used.
MATERIALS AND METHODS

Nutrient
Primary productivity was measured using the 14 C technique as described by Parsons et al. (1984) , either directly in the Cubitainers (in 2000) or by carrying out a separate incubation (4 h) on subsamples from Cubitainers (in 2001). At the end of the incubation, subsamples were filtered, filters fumed using concentrated HCl to remove unincorporated 14 C, and radioactivity was measured in a scintillation counter (Wallac 1400). In 2000, at the termination of incubation, the primary productivity samples were filtered on GF/F glass fiber filters (Whatman). In 2001, the productivity samples were separated into microplanktonic (> 2 µm) and picoplanktonic (0.2 to 2 µm) size fractions at the end of the incubation. For the fractionation, the samples were first filtered through 2 µm polycarbonate filters (Poretics), the filtrate was then further filtered on 0.2 µm pore-size polycarbonate filters (Poretics), and radioactivity was measured on each of these filters. Dark fixation was subtracted from light fixation in 2001. Mean dark fixation was 11.6% of light fixation (SD 9.6). Assimilation numbers were calculated in 2001 by dividing the productivity (µg C l -1 h ) values by chl a concentration. For chl a measurements, samples were filtered on GF/F filters, filters were blotted dry, and then frozen (-20°C). Samples were extracted overnight with ethanol in the dark at room temperature, filtered through GF/Fs to remove particles, and measured at 668 to 672 nm using a spectrofluorometer (PerkinElmer LS-2B or Jasco FP-750). Nitrogen fixation was detected using the acetylene reduction (AR) assay (Burris 1972). Nine ml of acetylene generated from calcium carbide was added to 90 ml of sample water in 117 ml serum vials. At the end of a 4 to 5 h incubation in the circulating seawater tub, vials were vigorously shaken for 20 s to equilibrate gases between liquid and gas phases, and gas was transferred from the headspace to evacuated blood-collection tubes (Vacutainers, Becton Dickinson). Vacutainers were opened and aired out overnight, and manually re-evacuated before use. Ethylene concentration was measured on the Vacutainer contents using a Shimadzu GC-9A gas chromatograph, equipped with a flame ionization detector and a Porapak T stainless steel column at 80°C, using N 2 as a carrier gas. The gas chromatograph was calibrated daily using ethylene standards. N 2 fixation values were reported as acetylene reduced per volume (NF; nmol C 2 H 4 l -1 h -1
) and normalized to chl a (NR; nmol C 2 H 4 µg chl a -1 h -1
). Dissolved and total nutrients were measured onboard following the guidelines for the Baltic Marine Environment Protection Commission (1983) .
Numbers of dominant phytoplankton species or groups were determined by microscopy from samples preserved in Lugol's solution. Cells were counted by the settling technique using a Thomas Scientific inverted phase-contrast microscope. N 2 -fixing cyanobacteria were counted in units of 100 µm filaments. At least 50 cells or counting units per species reported were counted per sample. Small flagellates included cells from 7.5 to 10 µm diameter. In 2002, a large proportion of the Nodularia spp. filaments contained empty cells. The filaments that were composed of 1 ⁄ 2 empty cells or greater were reported as 'old', and the rest of the filaments were reported as 'young'. Filament units were converted to C using 1170, 175, and 215 pg C for each 100 µm filament fragment of Nodularia sp., Aphanizomenon sp., and Anabaena spp., respectively.
Repeated measures ANOVA (e.g. Underwood 1997) or 1-way ANOVA were used in statistical comparisons between treatments. Repeated measures ANOVA was used for data sets with multiple-sampling time points, and 1-way ANOVA was used for single time-point data sets. Normality of data and homogeneity of variances were studied before ANOVA tests using the Kolmogorov-Smirnov test with a Lilliefors significance level (SPSS © 9.0), and Cochran's test, respectively. Data were transformed, if necessary, to improve fit, and in most cases this satisfied the test assumptions. ANOVA was carried out also in the cases where small deviations from normality or non-homogenous variances were detected, even after transformations. In relatively large data sets and balanced experiments such as ours, small deviations from ANOVA testassumptions are not likely to affect conclusions (Underwood 1997) . For pair-wise comparisons, Bonferroni (used if variances were homogenous) or Dunnet's T3 (used if variances were non-homogenous) post hoc tests were used for N 2 fixation, chl a, and productivity data. For phytoplankton abundance data, Dunnet's post hoc test (comparison of treatment effects to predetermined control) was used. Statistical tests were not carried out if there were too few cells for detection in some treatments. Unless specified, a probability level of α ≤ 0.05 was used to indicate statistically significant differences. Linear regressions, with significances tested, were fitted (Sigma Plot 2000 v. 6.00) for responses in experiments addressing the relationship between PO 4 3 -concentration and N 2 fixation, chl a, and total N (Sites L_01D, L_01E, SL_00H).
RESULTS
Ambient conditions
The ratio of dissolved inorganic nutrients (DIN:DIP) was lower than the Redfield ratio at sites sampled in 2000 (open sea: Sites S_00A, S_00B, S_00C, SL_00H), and higher than the Redfield ratio at sites sampled in 2001 (gulf: Sites L_01D, L_01E) ( 
Bioassay responses
All sites sampled in 2000 represented open Baltic Sea water (S), and the greatest effect on total phytoplankton biomass (chl a) was produced by the combined addition of N and P (Fig. 3, Table 4 ). N alone also stimulated biomass at all sites in 2000. A similar level of biomass enhancement was seen in the N+Fe treatment, suggesting no additional effect from Fe (Fig. 3 , Table 4 ). P alone and Fe+EDTA also stimulated biomass at some sites. Treatment effects on primary productivity were closely similar to effects on chl a (Table 4) .
In 2001, both sites sampled represented gulf water (L). Phosphorus limitation dominated at these sites, although more at Site L_01D than L_01E. At Site L_01D, only treatments including P stimulated the phytoplankton biomass (chl a) (Fig. 3, Table 4 ). Significant differences from the control were also seen with N+P, P+Fe, and N+P+Fe treatments, but these were not significantly different from treatments where P was added alone. Primary productivity at Site L_01D in both 0.2 to 2 µm and > 2 µm size-fractions was significantly higher in treatments with P than other treatments (Fig. 4) . At Site L_01E, neither N nor P stimulated chl a significantly when added alone, but when added in combination (N+P and N+P+Fe), these nutrients significantly increased chl a to higher levels than the control. However, both P addition alone and N+P additions induced a significant increase in primary productivity at Site L_01E. In the picoplanktonic (0.2 to 2 µm) size fraction at Site L_01E, only P stimulated primary productivity (no significant difference between P, N+P, and N+P+Fe). Both P and N had a stimulatory effect on primary productivity in the size fraction > 2 µm (significantly higher productivity under N+P addition than under P-addition only). Iron addition had no effect on chl a or primary productivity at any sites. Results of statistical comparisons of assimilation number (µg C chl a -1 h -1
) in different treatments were identical with comparisons of primary productivity (µg C l -1 h -1 ) ( (Fig. 5 ). P+Fe addition stimulated NF at Site S_00C, but not more than P-alone, or N+P. At Site S_00A, the mannitol and Fe (added without EDTA) also appeared to enhance NF, although only slightly. Results of NR were slightly different from NF (Table 4 ). The effect of P on NR was not quite as consistent as on NF. At Site S_00A, a negative impact on NR was seen in treatments where N was added. Low N 2 -fixation rates were detected at Site L_01D (Fig. 5) , and no significant differences in N 2 fixation (NF and NR) between nutrient treatments were seen at this site. At Site L_01E, P, N+P, P+Fe, and N+P+Fe stimulated NF, while NR was stimulated only by P (Fig. 5, Table 4) .
In the open sea sites sampled in 2000, Monoraphidium sp., Nitzschia spp., and small flagellates were (Table 2) . Anabaena sp. biomass increased under P-treatment at Site S_00B (p = 0.058, n = 8; Dunnet's post hoc test), while at all other sites, the biomasses of N 2 -fixing cyanobacteria in N, P, and N+P treatments were not significantly different from control. At Site S_00C, a stimulation in numbers of a Nitzschia sp. attached to Nodularia spp. filaments was observed in response to N+P (Table 2) . Similar responses of phytoplankton communities in response to limiting nutrients were observed at gulf sites. P appeared to increase Anabaena spp. growth at Site L_01D, and P and N+P increased Aphanizomenon sp. growth at Site L_01E (statistically nonsignificant difference from control). Addition of P, or combined addition of N and P, stimulated growth of Aphanizomenon, Monoraphidium sp., Planktonema lauterbornii (an unidentified colonial green alga), Nitzschia spp., Chlorophyceae Type 2 (Oocystis spp. type, colonial), Dinophysis acuminata, and small flagellates. The responses differed slightly in experiments at Sites L_01D and L_01E, and they were not always statistically significant ( bd 5 ± 1 1 ± 0 113 ± 57 D. acuminata 1 ± 0 1 ± 0 1 ± 0 2 ± 0 Dinoflagellate 1 6 ± 4 15 ± 7 5 ± 7 12 ± 8 Dinoflagellate 2 1 ± 0 3 ± 1 0 ± 1 5 ± 2 Chlorophyta colony 4 ± 2 4 ± 0 5 ± 1 11 ± 3 To further study the impacts of P limitation on N 2 fixation and the possibility that Fe limits N 2 fixation, the test design in 2002 specifically targeted P and Fe, while N addition was not included. Both sites sampled in 2002 represented open Baltic Sea water. At Site S_02F, the only treatment that did not increase phytoplankton growth was Fe (Fig. 3 , Table 4 ). P alone, EDTA alone, P+EDTA, Fe+EDTA, P+Fe, and P+Fe+EDTA treatments all increased chl a over the control. N 2 fixation (both NF and NR) responded in the same way as chl a, except EDTA had an additional stimulatory effect on NF (NF was higher under P+EDTA and P+Fe+EDTA than if P was added alone) (Fig. 5) . For Site S_02G, P added alone and P+EDTA increased chl a over the control. For N 2 fixation (NF and NR), a significant increase over the control was found for all treatments that included P. NF and NR in these treatments were at the same level (non-significant differences between treatments). Some increases in abundances of Nodularia spp., Anabaena spp. and Aphanizomenon sp. in response to nutrient additions were present in P+EDTA, P+Fe+EDTA and P-alone treatments, but these differences were not significant (Table 3) .
Effects of variable P additions
A set of experiments used a range of PO 4 3 -concentrations to address the degree of P limitation. At Site SL_00H, chl a, NF, and TN had a strong, positive, significant linear relationship with amount of PO 4 3 -added (Fig. 6) . At Site L_01D, chl a showed the same relationship with PO 4 3 -additions (Fig. 6) . N 2 fixation was low at Site L_01D, but had a positive relationship with PO 4 3 -additions. Total N concentration after the 72 h incubation had no significant relationship with P additions. At Site L_01E, TN remained at a similar level in all PO 4 3 -concentrations, but chl a and NF increased slightly in treatments with P added in comparison to the treatment with no P (Fig. 6) . However, the slope values were very low. In addition, the p-values of R 2 for linear regression at Site L_01E (NF, R 2 = 0.102; chl a, R 2 = 0.072) were not significant (p = 0.07 and 0.13 for NF and chl a, respectively). However, the p-values were close to 0.05 when unexplained outliers were included; therefore, we conclude that P may have had a weak control over NF and chl a also at this site. Even if this was so, P would have explained only 10% or less of variability in NF and chl a.
DISCUSSION
Nutrient limitation of the phytoplankton community
Dissolved inorganic and total N and P concentrations were typical for the late summer season in the Baltic Sea (Hänninen et al. 2000 , Larsson et al. 2001 ). The TN:TP ratio (56:1 to 102:1) was consistently higher than the Redfield ratio (16:1). Based on this stoichiometric consideration alone, one would not predict high potential for growth of N 2 -fixing cyanobacteria in the system (Smith 1983) . The lower availability of N than P in marine organic compounds may help explain this discrepancy (Granéli et al. 1990 , Wu et al. 2000 .
The DIN:DIP ratio in the surface layer was a much better indicator of nutrient limitation than TN:TP. As suggested by the DIN:DIP ratio, at the gulf water sites where it was higher than 16:1, P limitation of chl a and/or primary productivity prevailed. In contrast, at 2 open sea sites where the ratio was lower than 16:1, N limitation of chl a occurred (S_00A and S_00B). However, the relationship between the DIN:DIP ratio and nutrient limitation is not straightforward, as demonstrated by the dominance of diazotrophic cyanobacteria and presence of N 2 fixation at all sites. Hori- ) values in nutrient enrichment experiments. Average values (± SD) of 4 Cubitainers per treatment are shown. In experiments on Sites S_00A, S_00B, and S_00C, the measurements were made after a 72 h incubation. Oneway ANOVA was carried out for S_00A, S_00B, and S_00C, while repeated measures ANOVA was carried out for the sites with multiple sampling time points. All time points shown were included in the Repeated Measures ANOVA. Bonferroni or Dunnet's T3 post hoc pairwise comparisons were used. Same letters above bars indicate non-significant differences of treatments from each other based on post hoc tests. Letters also indicate response levels for the treatments (a < b < c < d < e). Note varying scales. See Fig. 1 legend for site definitions zontal transport and intracellular nutrient storage can contribute to these observations. In estuaries in the summer situation, it is common to see the highest phytoplankton response level in the N+P treatment due to depletion of both of these nutrients (e.g. Fisher et al. 1999) . At most sites we observed the strongest response in phytoplankton biomass when both N and P were added. At several sites, there was a very low response or no response at all if either nutrient was added alone. At first glance, co-limitation suggests different phytoplankton species responded to nutrient additions simultaneously, as contemporaneous limitation of a single species by multiple nutrients is unlikely (Hecky & Kilham 1988) . However, when examining the data more closely, at Site S_00C there is a small, significant increase in chl a due to additions of either N or P. At Site L_01E, P-alone stimulated chl a slightly, but the increase was not significantly different from the control. There was also a small initial increase, but an apparent fast saturation of chl a under increasing P concentrations at this site, suggesting 'secondary' limitations. Cell counts show that Monoraphidium sp., Nitzschia spp., small flagellates, and some Chlorophyceae species benefited from simultaneous additions of N and P more than when either one of these nutrients was added alone. These observations could be explained by a rapid shift in nutrient limitation for a single species, due to effective utilization of ambient nutrients. It is possible that after the primary (initially) limiting nutrient (e.g. P at Site L_01E) had been added, and Table 4 . Statistically significant differences of nutrient treatments from control. One-way ANOVA or repeated measures ANOVA was used. Results from comparisons of nutrient treatments with control (Dunnet), are shown. M: mannitol; E: EDTA. Grey areas indicate the treatment was not included in the experiment. Sign indicates higher (+) or lower (-) than control with p ≤ 0.05. At Site L_01D, P+Fe and N+P+Fe were added with EDTA, while at other sites, EDTA was not included in these treatments. To calculate the assimilation (Assim.) numbers at Sites L_01D and L_01E, sum of primary productivity (Prim. prod.) in 0.2 to 2 and > 2 µm size fractions were divided by the chl a concentration. N 2 fixation values were reported as acetylene reduced per volume (NF) and per unit of chl a (NR). Site codes: S and L denote open Baltic Sea and gulf waters, respectively; numbers refer to years sampled; letters A to G correspond to Sites A to G, e.g. S_00B corresponds to the open sea Site B sampled in 2000 due to its low availability and fast consumption, the 'secondary limiting' nutrient (e.g. N) became limiting very quickly. Therefore, a 'co-limitation' of N and P for a single species was observed in several cases, because nutrient limitation for a single species may have changed faster than the experimental design was capable of detecting it. Some variability from this pattern was observed. For example, at Site S_00B, P was not a 'secondary limiting' nutrient for Monoraphidium sp., while this was the case for small flagellates. It is noteworthy that some repetitive patterns in the phytoplankton species-specific responses to nutrients were observed. Significant responses to nutrient treatments consistently occurred in small cells, such as small flagellates, Monoraphidium sp., and Nitzschia spp., all of which are apparently able to quickly shift into a fast-growth mode in response to amendment of the limiting nutrient. Similar rapid increases of small cells in response to N+P additions in Baltic Sea cyanobacterial blooms have been reported previously (Wallström et al. 1992 , Kononen et al. 1993 . The fact that significant differences between nutrient treatments were rarely seen for the cell numbers of filamentous cyanobacteria may stem from both their slower growth rates and their inability to compete effectively for the added nutrients.
There were several small pennate Nitzschia spp. (including N. acicularis, N . longissima, and another Nitzschia sp.) present in the samples. Epiphytic communities of algae, protozoa, etc., are frequently seen on Nodularia spp. aggregates. In particular, small pennate Nitzschia sp. cells are occasionally found as 'pins' attached to the filaments of the large cyanobacterium (Fig. 7) . Because very little is known about the interaction of Nodularia spp. and the epiphytic Nitzschia sp., observations from our experiments are worth discussing. Because these diatoms are not N 2 fixers (and presumably don't have N 2 -fixing symbionts), a symbiotic or consortial relationship between the diatom and Nodularia spp. could be taking place during bloom conditions. These small diatoms might be able to utilize exudates from Nodularia spp. However, the results from this study show that Nitzschia sp. colonization increases rapidly on Nodularia spp. surfaces when N and P are ) in nutrient enrichment experiments. Average (± SD) of 4 cubitainers per treatment are shown. Asterisks indicate significant differences from control (repeated measures ANOVA, Dunnet's post hoc comparison). Same letters above bars indicate non-significant differences of treatments from each other (repeated measures ANOVA, Bonferroni post hoc pairwise comparisons). Letters also indicate response levels for the treatments (a < b < c < d < e). All time points shown were included in the repeated measures ANOVA. No significant differences from control were found at Site L_01D. Note varying scales. See Fig. 1 legend for site definitions added (Site S_00C). The results argue against the symbiosis hypothesis above, and suggest that the diatoms are efficient at utilizing external nutrient pulses in their habitat. This may be ecologically more important than reliance on a constant supply of recycled nutrients from Nodularia spp. and associated bacteria. The buoyant, gas-vacuolate, Nodularia spp. aggregates provide a useful surface for maintenance in the euphotic surface layer for the negatively buoyant diatoms, and thus may simply serve as an attachment substrate rather than a nutrient source for the diatoms. Fast growth rates and an ability to attach may enable these small diatoms to flourish opportunistically during external nutrient pulses within the cyanobacterial blooms.
Nutrient limitation of nitrogen fixation
NF, expressed per volume of water, includes the effect of both growth of N 2 fixers and their activity per biomass unit. This measure is a useful indicator of the overall response to nutrients in N 2 fixers, even though the effects of growth and activity cannot be separated by it. NR can also be used, but because this number includes the error from 2 measurements (N 2 fixation and chl a) made from the aggregated cyanobacterial community, the values tend to be more variable. Examining both NF and NR produces the most accurate assessment. Addition of P produced a significant stimulation of N 2 fixation (both NF and NR) at most sites. An exception was Site L_01D, where N 2 fixation was low. However, a significant, although weak, linear regression between N 2 fixation and P supply was observed, suggesting that P was limiting N 2 fixation at this site as well. It is noteworthy that even though Nodularia spp. biomass was high at Site L_01D, N 2 fixation rates in this population were very low. Since the ambient DIN levels were at the same level as at other sites, it is likely that something (most likely P) was limiting N 2 fixation, rather than the fact that Nodularia spp. were relying on alternative DIN sources, or that DIN was inhibiting N 2 fixation. If the cyanobacterial population was severely P-stressed, the experimental time-period may not have been long enough to see the stimulation in N 2 fixation in response to P addition at this site. Salinity at Sites L_01D and L_01E was within the suitable range for Nodularia spp. growth (see Moisander & Paerl 2000) .
The level of stimulation by P alone on N 2 fixation was equal to the level of stimulation when P was added in combination with Fe or N. This supports the overall P-limitation of N 2 fixation. The increase in biomass (chl a) under treatments in which P and Fe were added together was never at a significantly higher level than in treatments where P was added alone, and never higher than in treatments in which both P and N were added. These results argue against any significant effect of Fe on N 2 fixation. Additionally, at both Sites S_00A and S_00B, where N 2 fixation was higher under the Fe treatment than control conditions, Fe was added in combination with EDTA. This may be important, since at Site S_02F, EDTA added alone induced an increase in N 2 fixation. Microscopic counts of Anabaena spp. and Aphanizomenon sp. support the N 2 -fixation results, suggesting that in the prevailing conditions, addition of EDTA was beneficial for growth of N 2 -fixing cyanobacteria.
EDTA was added in the experiments in order to increase the bioavailability of Fe; however, it may have played several roles in the experiments. First, it may have improved the bioavailability of naturally occuring or experimentally added Fe, or other naturally occurring trace elements (Løvstad & Krogstad 2001) . As a strong chelator, EDTA may have also alleviated toxic effects from metals such as Cu (Ma et al. 2003) . It may have also served as a DOC source for bacteria, which could have made nutrients available for the N 2 -fixing cyanobacteria by degrading EDTA (Kari & Giger 1996 , Witschel et al. 1999 , Satroutdinov et al. 2003 . However, the ability to degrade EDTA is not widespread among bacteria (Satroutdinov et al. 2003) . Finally, EDTA may have been utilized directly by the cyanobacteria as a C or N source. Baltic Sea cyanobacteria have functional aminopeptidases, thus cyanobacterial utilization of complex organic compounds is possible (Stoecker et al. 2002) . Because of its complicated effects on metal speciation and availability in natural waters, and its potential bioavailability, the mechanism causing EDTA stimulation in our experiments is not clear. However, our conclusion remains that, at times, increases in EDTA could be beneficial for cyanobacterial blooms in the Baltic Sea. This is noteworthy, because EDTA is a widely used compound in various industrial processes, and a common water pollutant (eg. Kari & Giger 1996) .
Nutrient dynamics and limitation of N 2 -fixing blooms in the Baltic Sea
The prevailing N limitation in the open Baltic Sea at the time of cyanobacterial blooms was expected. However, P limitation of phytoplankton community-biomass and -productivity at the gulf water sites seems to contradict the commonly held assumption that the Baltic Sea is N-limited at the end of summer. The results from this study underscore differences in nutrient dynamics between sub-basins and coastal versus open sea areas in the Baltic Sea (Wulff et al. 1990 ). It must be stressed that even though the different regions are connected, they behave differently in terms of their nutrient dynamics. This has importance (e.g. for budget calculations) when estimating contributions of different regions to the inputs of N, through N 2 fixation, into the Baltic Sea. The results suggest that the eastern Gulf of Finland and coastal areas along the Gulf have a lower contribution to N inputs through N 2 fixation than the open sea areas, and that although the high biomass of cyanobacteria capable of N 2 fixation (including Nodularia spp.) is sometimes found at these sites (possibly due to advection), they may not be fixing N 2 at high rates. P limitation along the Gulf of Finland coasts contributes to the poor competitiveness of N 2 fixers in these areas.
Our study found support for the hypothesis that the DIN:DIP ratio is controlling N 2 -fixing cyanobacterial growth and dominance in different regions in the Baltic Sea (Niemi 1979) . Open sea sites at the entrance to the Gulf of Finland were N-limited, while the coastal sites in the eastern part of the Gulf of Finland were P-limited. However, 'co-limitation' was also present. N 2 fixation was stimulated by P at several sites where both the DIN:DIP ratio and PO 4 3 -concentration were low (S_00A, S_00B, S_00C, SL_00H), and at sites where PO 4 3 -was undetectable at the surface (sites L_01D, L_01E), supporting the hypothesis that P is often limiting N 2 fixation in the Baltic Sea. However, at the gulf sites the positive relationship between NF and P concentration was weak, suggesting limitation, control, or inhibition by factors other than P.
The results also show that several opportunistic phytoplankton species taking advantage of nutrient pulses exist along with the cyanobacteria in the system. Some of these species, such as Nitzschia spp., may rely on cyanobacteria (in particular the surfacedependent Nodularia spumigena that does not perform vertical migration) for a physical structure for maintenance in the surface layer. Grazing is not likely to have affected the conclusions, as bottom-up, as opposed to top-down, control of phytoplankton biomass prevails in the Northern Baltic in the summer (Kivi et al. 1993 ).
An increase in TN in the Baltic Sea surface-layer during summer months has been attributed to N 2 fixation by cyanobacteria (Larsson et al. 2001) . This study supports the view that N 2 fixation can lead to detectable increases in TN in the Baltic Sea surfacelayer during blooms. The results also show that actively N 2 -fixing cyanobacteria dominate in the Baltic Sea, even at TN:TP ratios far exceeding the Redfield ratio. The magnitude of increase in TN and N 2 fixation are at times strongly controlled by availability of P. At these times, N 2 fixation has a strong positive relationship with TN. Even during the short experimental time-period of 3 d, relationship between N 2 fixation and TN is clear if P is the primary limiting nutrient (Site SL_00H, Pearson correlation = 0.835, p = 0.001, n = 11). This relationship is clear for N 2 -fixing organisms in the absence of 'secondary' limiting resources. However, the control of N 2 fixation and TN by P is sometimes weak or absent, indicating limitations other than P. If secondary limitations exist, N 2 fixation is slow or becomes saturated at a certain P level, and control of TN by N 2 fixation is not maintained.
The stimulatory effect of EDTA on N 2 fixation, and increases in phytoplankton biomass during cyanobacterial blooms in the Baltic Sea, requires further study. Stimulatory effects of dissolved organic matter on cyanobacteria have often been reported elsewhere, but their function is not clear (Fogg et al. 1973) , and their role is likely to vary. However, our results suggest that increases in EDTA-like organic compounds in the system could at times improve growth conditions for N 2 -fixing cyanobacterial blooms in the Baltic Sea.
The cyanobacterial blooms in the Baltic Sea are obviously favored by N limitation in the late summer; however, N limitation alone does not explain these blooms.
Although N limitation has been demonstrated in diverse marine (including estuarine) planktonic ecosystems, N 2 fixation in marine phytoplankton is more rare (Howarth et al. 1988) . The question as to why this apparently unfilled niche remains is still unresolved. It is well known that multiple factors, in addition to nutrients, are required for N 2 -fixing blooms to develop (Fogg et al. 1973 , Howarth et al. 1988 , Paerl 1990 , 1999 . The list of potential controlling or limiting factors suggested for N 2 fixation in marine environments includes trace elements (Falkowski 1997 , Marino et al. 2002 , phosphorus (Wu et al. 2000) , grazing (Marino et al. 2002) , and small-scale shear (Moisander et al. 2002) . According to this and previous studies, Nodularia spp. blooms can be linked to high availability of P, warm water temperatures, a stratified water column, and intermediate salinities in the Baltic Sea, the Peel-Harvey estuary in Australia, and the saline Pyramid Lake in the USA (Lukatelich & McComb 1986 , Lebo et al. 1994 . In this study, P was repeatedly limiting N 2 fixation and, therefore, presumably the growth of N 2 fixers. However, the supply rate of P in the natural environment in the Baltic Sea has to be sufficient to maintain the blooms. Absence of such a semi-continuous or continuous supply of P may be a limiting factor for the formation of N 2 -fixing blooms in certain other marine environments. 
